Introduction
============

Metabolic imaging of the chest with \[^18^F\]fluorodeoxyglucose (FDG)-positron emission tomography (PET), or combined with computed tomography (CT), relies on physiologic parameters, such as glucose metabolism, to assist in differentiating between malignant and benign pulmonary or nodal lesions^\[^[@B1]^\]^. However, it is still constrained by the current resolution limits for small nodal metastasis (5 mm)^\[^[@B2]^\]^, which are associated with false-positive and false-negative results, and the exposure of patients to ionizing radiation^\[^[@B1]^\]^. Cross-sectional imaging techniques, such as CT and MR imaging, rely on morphologic criteria for the assessment of pulmonary and mediastinal tumors. Morphologic findings would be helpful in differentiating benign and malignant pulmonary lesions when they have typical features; however, there is considerable overlap in morphologic presentation, and differentiation may be challenging in many cases. MR imaging has now entered the stage as a radiation-free alternative to CT for certain indications. Current MR imaging techniques, such as perfusion MR imaging, enable functional imaging of the chest. The addition of diffusion-weighted MR imaging to routine MR imaging may lead to the provision of better thoracic protocols in which both morphologic and functional sequences are combined, allowing for the comprehensive assessment of chest tumors in a single MR examination^\[^[@B4]^,^[@B5]^\]^.

Diffusion MR imaging is well established as a diagnostic tool in the primary assessment of acute stroke^\[^[@B6]^\]^. However, in the last few years, several extracranial applications of diffusion MR imaging have been developed. Major applications have been described in the diagnosis, detection, characterization, prognosis before treatment, and evaluation and follow-up after treatment of tumoral lesions in the abdomen, breast, and head and neck region^\[^[@B7]^\]^. The recent technical advances in fast MR imaging have greatly enhanced the clinical value of MR imaging of the chest. These developments include faster imaging techniques with echoplanar imaging and parallel imaging, high performance gradients and phased-array multichannel surface coils^\[^[@B11]^\]^. To date, there have been several reports describing the application of diffusion MR imaging in lung cancer^\[^[@B15]^\]^, mediastinal masses^\[^[@B40]^\]^ and pleural lesions^\[^[@B45]^\]^.

This review provides an overview of the current status of the published data on diffusion MR imaging of the chest tumors.

Principles of diffusion MR imaging
==================================

Diffusion MR imaging generates image contrast based on the microscopic mobility of water. Diffusion is the random thermal motion of gaseous or liquid molecules, and MR imaging can detect signal changes caused by positional changes of molecules at this microscopic scale. Diffusion in a homogeneous medium is described as having a Gaussian distribution. In biological tissue, there is a high probability that water molecules interact with structures, such as cell membranes and macromolecules, that reduce or impede their motion. Water exchange occurs between intracellular and extracellular compartments and is based on the shape of the extracellular space and tissue cellularity, which affect diffusion^\[^[@B6]^\]^. In solid malignant lesions, the extravascular extracellular space is relatively diminished compared with the intracellular space due to an increased number of cells, cellular pleomorphism, large cell volume and neoangiogenic vessels disorganized in a chaotic structure. This increased microstructural density will restrict random water molecule movement. In contrast, the extravascular extracellular space is relatively enlarged compared with the intracellular space in inflammation and infection due to the presence of interstitial edema and in necrosis due to the absence of organized tissues. Thus, the reduced interactions with cell membranes facilitate random water molecule movement^\[^[@B9]^\]^.

Diffusion-weighted MR imaging was obtained by application of symmetric pairs of equally weighted diffusion-sensitizing gradients about the 180° refocusing pulse of a spin echo T2-weighted sequence. Static water molecules develop additional phase incoherencies from the application of the first diffusion gradient, but these incoherencies are eliminated by the application of the second gradient, resulting in no additional net loss of signal (aside from normal T2 decay). However, mobile water is not completely rephased by the second gradient due to movement to a different microenvironment during the application of the first gradient, so that a subsequent reduction in signal intensity is observed^\[^[@B6]^\]^. The signal intensity reduction on diffusion MR imaging can be quantified by calculating the apparent diffusion coefficient (ADC), which depends largely on the presence of barriers to diffusion within the water microenvironment. The ADC values are calculated from a series of diffusion MR images at different *b* values. The *b* value is the product of the gyromagnetic ratio, the strength of the diffusion-sensitizing gradients, the duration of the gradient pulse and the time interval between gradient pairs^\[^[@B11]^\]^.

Areas of restricted diffusion (e.g., highly cellular malignant tumors) are bright on diffusion-weighted images acquired using a high *b* value and dark on the ADC map (i.e., representing a relatively low ADC value), as opposed to the areas of unrestricted diffusion (e.g., edema or fluid), which demonstrate low signal intensity on diffusion-weighted images acquired using a high *b* value and brightness on the ADC map (i.e., representing a relatively high ADC value). Also, it is quite possible that unrestricted diffusion still presents with high signal on higher *b* values, due to T2-shine through^\[^[@B11]^\]^.

Techniques
==========

Diffusion MR imaging of the chest is technically challenging and not always feasible due to obvious shortcomings, such as motion artifacts related to breathing and heart and vascular pulsation and susceptibility artifacts associated with air--tissue interfaces. The applications of diffusion MR imaging of the chest have increased considerably in the last few years due to recent technologic improvements, such as more powerful gradients and phased-array coils and the development of fast imaging techniques, such as echo planar imaging (EPI) and parallel imaging^\[^[@B11]^,^[@B12]^\]^.

Acquisition
-----------

### Sequence

EPI is the most frequent diffusion-weighted imaging sequence. Single-shot spin echo EPI has a short acquisition time. The image quality using this technique, however, can be degraded due to low resolution, chemical shift artifacts, susceptibility artifacts, and geometric distortion. Different strategies have been proposed to diminish EPI-related artifacts, such as segmentation of the echo train length of the EPI acquisition in different shots; the application of motion correction techniques, such as navigation echoes; and the use of the periodically rotated overlapping parallel lines with enhanced reconstruction acquisition (PROPELLER), which is less sensitive to motion artifacts and the use of parallel imaging. Furthermore, improvements in gradient systems with reduced eddy current effects have allowed for faster EPI readout, which can decrease geometric distortions^\[^[@B11]^\]^. Imaging may be performed during a single breath hold, which attempts to freeze motion, or during free breathing with multiple signal acquisitions to reduce the effects of motion. Image acquisition during free breathing may also be combined with respiratory and/or cardiac triggering^\[^[@B13]^\]^. The use of a respiratory trigger improves the quality of diffusion MR imaging sequences compared with those using breath holding^\[^[@B11]^\]^. The use of a cardiac trigger is also useful for avoiding pulsation artifacts, but it is not always necessary, except in cases of lesions located immediately around the heart or in dedicated cardiac acquisitions, as they are time consuming^\[^[@B11]^\]^.

Several non-EPI techniques, including conventional spin echo and stimulated echo and fast spin echo, have been used for diffusion-weighted imaging of the chest. These techniques have better resolution and are less degraded by susceptibility artifacts and less prone to geometric distortion. Distortion and fat suppression is much better on turbo spin echo imaging, causing the larger chemical shift effect to disappear^\[^[@B11]^,^[@B12]^\]^.

### *b* value

The choice of *b* values is most likely the pivotal issue of diffusion MR imaging. Diffusion-weighted imaging is typically performed with at least two *b* values to allow for the calculation of the ADC value. Imaging with low *b* values provides higher signal-to-noise ratios but with less diffusion weighting. As the *b* value increases, sensitivity to the effects of diffusion increases, but there is greater image distortion. However, the use of even greater *b* values may be beneficial. The optimal *b* values for diffusion MR imaging of the chest have not yet been determined. With current state-of-the-art magnets, a *b* value of 1000 s/mm^2^ can be obtained. The suggested *b* value is greater than 500 s/mm^2^ to avoid the effects of perfusion. In addition, a *b* value less than 1000 s/mm^2^ is recommended for a better signal-to-noise ratio^\[^[@B11]^\]^.

### Fat suppression

The use of fat suppression is mandatory in diffusion MR imaging of the chest because fat signals usually overlap on the studied anatomy. Diffusion MR imaging with short tau inversion recovery (STIR) has been most commonly used in the chest, in sequences such as diffusion-weighted imaging with background suppression (DWIBS). To overcome the limited signal-to-noise ratio of these sequences, spectral fat suppression techniques, such as spectral presaturation inversion recovery (SPIR) and spectral selection attenuated inversion recovery (SPAIR), have been included in diffusion MR imaging sequences^\[^[@B11]^\]^.

### Three Tesla

Although most of the reported applications of diffusion MR imaging of the chest have been performed with 1.5-T magnets, the use of higher-field magnets, such as 3 T, has been advocated due to the associated signal improvement. The acquisition problems inherent to diffusion MR imaging increase with 3-T magnets, due to higher magnetic field variation and susceptibility artifacts, which can be overcome using the appropriately higher strength of the gradient systems in combination with parallel imaging and advanced fat suppression sequences. Gill et al.^\[^[@B45]^\]^ recently reported the first clinical series of diffusion MR imaging performed using a 3-T magnet with adequate technical tuning; diffusion-weighted imaging of the chest is feasible with 3-T magnets^\[^[@B11]^\]^.

[Table 1](#T1){ref-type="table"} shows the recommended imaging protocol for diffusion-weighted MR imaging of the chest. Table 1Recommended imaging protocol for diffusion MR imaging of the chestPulse sequenceSingle-shot spin echo EPICoilPhased-array surface coilFat suppressionChemical shift selective (CHESS) fat suppressionField of view35--40 cm*b* value1000 s/mm^2^Parallel imagingAcceleration factor of 2Number of slices24--30Repetition time (TR)5000 msEcho time (TE)50 msSlice thickness5--8 mmNumber of excitations6

Calculation
-----------

### Monocompartmental fit

Calculation of the ADC value is the most common method used to quantitatively analyze diffusion MR imaging. The ADC value is usually calculated by the slope of the line of the natural logarithm of signal intensity versus *b* values. In effect, this yields a monocompartmental fit for the raw signal intensity data^\[^[@B6]^\]^. A region of interest (ROI) is drawn around the lesion or its components (e.g., necrotic core, enhancing periphery) on multiple scans, and the average ADC value of that volume is computed. There is a lack of standardization in ROI analysis, which is prone to errors because it is operator dependent. The number and size of ROIs vary from series to series. There is also no consensus regarding whether it is more appropriate to use the mean or minimal ADC value. This limitation of the ADC has led to the development of the alternative ADC measures described below^\[^[@B1]^\]^.

### Bicompartmental model

The bicompartmental model for the analysis of pulmonary lesions improves lesional characterization by using the parameter *D* (diffusion coefficient) instead of the ADC calculation, which is usually greater than *D* due to perfusion effects. The use of an intravoxel incoherent motion (IVIM) diffusion MR imaging sequence with several *b* values allows us to separate the two components of the diffusion signal decay, one of which is due to perfusion at low *b* values and the other of which is the true diffusion that occurs with *b* values greater than 100 s/mm^2\[^[@B11]^\]^.

Evaluation
----------

### Parametric ADC maps

A parametric ADC map is a graphical representation of changes in the ADC on a voxel-to-voxel basis. Specifically, such a map displays those voxels that have increased in ADCs, decreased in ADCs, or shown no change in the ADCs in different colors to enable instantaneous visual representation of changes within the lesion. Such a map makes it easier to assess the overall change in diffusion within a lesion and to identify particular areas that may have deviated from the overall trend^\[^[@B11]^,^[@B12]^\]^.

### ADC histogram

Histogram analysis of ADC values is a post-processing method used to analyze heterogeneous lung cancer. In this approach, the ROI of a lesion is identified on multiple scans, and a plot of the number of voxels at each ADC value is depicted as a histogram^\[^[@B10]^\]^.

Clinical applications
=====================

Lung cancer
-----------

Differentiating lung cancer from benign lung masses, non-small cell lung cancer (NSCLC) from small cell lung cancer (SCLC), and low-grade from high-grade malignancies and determining the staging of lung cancer are essential for treatment planning^\[^[@B4]^,^[@B5]^\]^. Diffusion MR imaging can be useful for the characterization and grading of lung cancer^\[^[@B14]^\]^ ([Fig. 1](#F1){ref-type="fig"}) as well as the assessment of associated lymph nodes and distant metastases^\[^[@B30]^\]^. [Table 2](#T2){ref-type="table"} provides an overview of studies of diffusion MR imaging of lung cancer. Figure 1NSCLC. (A) Axial true fast imaging with steady state precession (FISP) shows peripheral lung cancer (arrows). (B) Diffusion MR image shows restricted diffusion of the mass (arrows) with a low ADC value (0.89 × 10^−3^ mm^2^/s). Table 2Overview of studies on diffusion MR imaging of lung cancerStudyJournalYearPurpose*b* valueFindingsRegier^\[^[@B14]^\]^J Med Imaging Radiat Oncol2011Detection of pulmonary nodules500Significant difference (*P* \< 0.05) in ADC between benign and malignant lesionsTondo^\[^[@B20]^\]^Radiol Med2011Cancer vs benign1000Significant differences (*P* \< 0.05) in ADC between benign and malignant lesionsLiu^\[^[@B16]^\]^Eur Radiol2010Cancer vs benign800Diffusion-weighted imaging can differentiate between benign and malignant lung nodulesUto^\[^[@B19]^\]^Radiology2009Cancer vs benign1000Diffusion-weighted imaging can differentiate between benign and malignant lung nodulesSatoh^\[^[@B17]^\]^Am J Roentgenol2008Cancer vs benign1000Signal intensity can differentiate malignant from benign nodules on diffusion-weighted imagingMori^\[^[@B18]^\]^J Thorac Oncol2008Cancer vs benign1000Diffusion-weighted imaging also reduces the rate of false-positive lesions compared with PETMatobi^\[^[@B15]^\]^Radiology2007Subtypes of lung cancer577The ADC of adenocarcinoma is significantly higher than that of squamous cell carcinoma or large-cell carcinomaKanauchi^\[^[@B25]^\]^Eur J Cardiothorac Surg2009Invasiveness of NSCLC1000Diffusion-weighted imaging can predict tumor invasivenessObha^\[^[@B22]^\]^J Thorac Cardiovasc Surg2009NSCLC1000Diffusion-weighted imaging is similar to PET in distinguishing NSCLC from benign pulmonary nodulesRegier^\[^[@B27]^\]^Eur J Radiol2011NSCLC500ADC value correlated with uptake on PET/CTKoyama^\[^[@B24]^\]^Eur Radiol2010Subtypes of adenocarcinoma500Diffusion-weighted imaging shows no significant differences regarding subtype classificationTanaka^\[^[@B23]^\]^J Thorac Imaging2009Adenocarcinoma1000Strong signal intensity on diffusion-weighted imaging is significantly greater in advanced BAC and non-BAC than in BACBaysal^\[^[@B28]^\]^Magn Reson Imaging2009Cancer vs collapse1000ADC of central lung carcinoma is lower than post-obstructive consolidationsQi^\[^[@B29]^\]^Eur Radiol2009Cancer vs collapse500Combined ADC and T2-weighted images are superior to CT in differentiating lung cancer from collapsePauls^\[^[@B33]^\]^Eur J Radiol2012N staging of NSCLC800Diffusion-weighted imaging might be beneficial in the detection of very small nodesOhno^\[^[@B34]^\]^Radiology2011N staging of NSCLC1000STIR is better than diffusion-weighted imaging and PET/CT for the detection of metastatic lymph nodes from NSCLCNakayama^\[^[@B32]^\]^J Comput Assist Tomogr2010N staging of NSCLC1000Diffusion-weighted imaging enables differentiation of nodal metastasis from reactive nodesHasegawa^\[^[@B31]^\]^J Thorac Imaging2008N staging of NSCLC1000Diffusion-weighted imaging can exclude metastatic lymph nodes from NSCLCNomari^\[^[@B30]^\]^J Thorac Cardiovasc Surg2008N staging of NSCLC1000Diffusion-weighted imaging can be used in place of PET/CT for N staging of NSCLCOhno^\[^[@B39]^\]^Am J Roentgenol2012Response of NSCLC to chemotherapy1000ADC better predicts the response to chemotherapy of NSCLC than PET/CTYabuuchi^\[^[@B38]^\]^Radiology2011Response of NSCLC to chemotherapy1000Correlation between ADC change and final NSCLC size reduction after chemotherapyOkuma^\[^[@B37]^\]^Br J Radiol2009Response of lung cancer to RFA1000ADC can predict the response to radiofrequency ablation of lung cancer

### Detection of pulmonary nodules

Regier et al.^\[^[@B14]^\]^ reported that diffusion MR imaging is more sensitive than multidetector CT in the detection of solid pulmonary nodules. For diffusion MR imaging, a sensitivity of 86.4% was calculated for nodules ranging from 6 to 9 mm and 97% for nodules large than 10 mm. In contrast, only 43.8% of lesions larger than 5 mm were detected on multidetector CT.

### Differentiation of lung cancer from benign pulmonary masses

Diffusion MR imaging has been used for differentiating between lung cancer and benign pulmonary masses. Lung cancer is characterized by increased cellularity, larger nuclei with more abundant macromolecular proteins, a larger nuclear/cytoplasmic ratio and less extracellular space relative to normal tissue. Because of these characteristics, the diffusion of water molecules in malignant tumors is restricted, resulting in decreased ADC values ([Fig. 1](#F1){ref-type="fig"}). In contrast, benign pulmonary masses are characterized by less cellularity and more extracellular space, with relatively less impeded diffusion^\[^[@B13]^\]^.

In 2011, Tondo et al.^\[^[@B20]^\]^ reported that there were statistically significant differences (*P* = 0.05) between the ADC values of benign and malignant lesions. Using an ADC value of 1.25 × 10^−3^ mm^2^/s as a threshold, they were able to differentiate malignant from benign lesions with 91% diagnostic accuracy, 90% sensitivity and 100% specificity. In 2010, Liu et al.^\[^[@B16]^\]^ reported that the mean ADC value of benign lesions (1.65 ± 0.42 × 10^−3^ mm^2^/s) was statistically greater (*P* = 0.001) than that of malignant tumors (1.26 ± 0.32 × 10^−3^ mm^2^/s). The optimal threshold ADC value for the differentiation of malignant tumors from benign lesions was 1.4 × 10^−3^ mm^2^/s, with sensitivity and specificity of 83.3% and 74.1%, respectively. In 2008, Satoh et al.^\[^[@B17]^\]^ reported that the ADC value accurately differentiated benign from malignant pulmonary nodules larger than 5 mm, with an area under the curve of 0.80. Small metastases and some non-solid adenocarcinomas were predominantly hypointense on diffusion-weighted images with high *b* values. Granulomas and active inflammatory and fibrous nodules occasionally showed low signal intensity, similar to malignancies. In 2008, Mori et al.^\[^[@B18]^\]^ reported that the ADC value of lung cancer was significantly different from that of benign pulmonary masses. In 2009, Obha et al.^\[^[@B22]^\]^ suggested that diffusion MR imaging is equivalent to PET for distinguishing NSCLC from benign pulmonary nodules.

It is difficult to compare the results from the referenced series because of the different diffusion MR imaging sequences performed and the different qualitative and quantitative assessment methods. As a general rule, diffusion MR imaging of pulmonary nodules obtains adequate results in the differentiation of benign from malignant nodules. Of the limited data available comparing diffusion MR imaging with FDG-PET, both techniques perform equally in pulmonary lesion characterization with similar limitations, although diffusion MR imaging tends to provide fewer false-positive results related mainly to benign inflammatory lesions^\[^[@B11]^\]^.

### Differentiation of SCLC from NSCLC

Mortality rates and the success of therapeutic approaches depend on the histologic type of lung cancer^\[^[@B3]^,^[@B24]^\]^. There is wide variability in the ADC values of different types of lung cancer among different studies. In 2007, Matoba et al.^\[^[@B15]^\]^ applied diffusion MR imaging with a split acquisition of fast spin echo signals for diffusion imaging (SPLICE) sequences for the tissue characterization of lung cancer, with a *b* value of 68/577 s/mm^2^. They reported that the ADC value for well-differentiated adenocarcinoma (2.12 ± 0.6 × 10^−3^ mm^2^/s) was significantly different (*P* ≤ 0.05) from that of large-cell carcinoma (1.30 ± 0.4 × 10^−3^ mm^2^/s) and small cell carcinoma (2.09 ± 0.3 × 10^−3^ mm^2^/s). The ADC values of well-differentiated adenocarcinoma appeared to be greater than those of other histologic types (*P* ≤ 0.05). In 2010, Lui et al.^\[^[@B16]^\]^ reported that there was significant difference (*P* ≤ 0.007) between the ADC values of SCLC (1.064 ± 0.196 × 10^−3^ mm^2^/s) and NSCLC (1.321 ± 0.335 × 10^−3^ mm^2^/s). The differences in ADC values might reflect differences in histopathologic features: SCLC generally has enlarged cells, and the tumor cellularity seems to be relatively high causing the lower reported ADC values in SCLC. There may be insufficient spread among the distributions to differentiate the tumor types in many patients. The discrepancy of ADC values among different studies might be attributable to different pulse sequences and different applied *b* values as well as to different methods of calculating ADC values. Further studies are required to evaluate the potential of diffusion MR imaging for differentiating subtypes of lung carcinomas.

### Characterization of subtypes of adenocarcinoma

The classification of subtypes of adenocarcinoma, including bronchioloalveolar carcinoma (BAC), is important because the prognosis is different according to the subtype^\[^[@B23]^,^[@B24]^\]^. In 2009, Tanaka et al.^\[^[@B23]^\]^ reported that both the moderate and strong signal intensities on diffusion MR imaging were significantly greater in advanced BAC (79.2%) and non-advanced BAC (88.9%) than in BAC (38.5%). Tumors with strong signal intensity on diffusion MR imaging were judged as invasive forms, with sensitivity of 97% and specificity of 76.9%. In 2010, Koyama et al.^\[^[@B24]^\]^ added that there were no significant differences in the ADC values of subtypes of adenocarcinoma of lung cancer. The potential reason for this discrepancy between the results might be the different *b* values, number of excitations, respiratory triggering and breath-holding methods.

### Grading of NSCLC

Differentiation of low- and high-grade NSCLC is essential as prognosis and mortality rates depend on the grading of the cancer^\[^[@B1]^,^[@B3]^,^[@B4]^\]^. The ADC of well-differentiated adenocarcinoma is significantly greater than that of moderately and poorly differentiated squamous cell carcinomas and adenocarcinomas (*P* = 0.05). The ADCs of well-differentiated adenocarcinomas with hypocellularity seem to be greater than those of other lung cancers of different histologic types. The ADC value of lung cancer is correlated well with tumor cellularity (*P* = 0.02)^\[^[@B16]^\]^. There was a significant difference in the ADC values of poorly versus well to moderately differentiated lung cancers (*P* = 0.03). The ADC value of lung cancer can be considered a new prognostic parameter^\[^[@B26]^\]^. The changes in the ADC are inversely correlated with changes in tissue cellularity: a low ADC value indicates areas of restricted diffusion in highly cellular areas, whereas a high ADC value indicates areas of diffusion in less cellular areas. The difference in cellularity may reflect the tumor's histologic composition and biological aggressiveness^\[^[@B13]^,^[@B14]^\]^.

### Invasiveness of NSCLC

Determining the invasiveness of NSCLC is essential for treatment planning^\[^[@B25]^\]^. Limited surgery should be avoided with invasive tumors. There is a positive correlation between invasive lung cancer and the ADC value (*P* = 0.001). Diffusion MR imaging may be a useful method for predicting tumor invasiveness in clinical stage 1A NSCLC. The sensitivity of diffusion MR imaging for the prediction of tumor invasiveness is 90%; its specificity is 81%^\[^[@B25]^\]^.

### Correlation of ADC values of lung cancer with prognostic parameters

In 2011, Abdel Razek et al.^\[^[@B26]^\]^ reported that there was a correlation between the ADC value and prognostic parameters of lung cancer. The ADC value of lung cancer is correlated with tumor grade (*r* = −0.48) and with metastatic mediastinal nodes (*r* = −0.42). In 2011, Regier et al.^\[^[@B27]^\]^ added that there was a correlation between the ADC value and standardized uptake value (SUV) on FDG-PET/CT in NSCLC. The significant inverse correlation of these two quantitative imaging approaches demonstrates the association of metabolic activity with tumor cellularity. Therefore, diffusion MR imaging with ADC measurement might represent a new prognostic marker for NSCLC.

### Differentiating lung cancer from post-obstructive consolidation

Patients with central lung cancer frequently present with peripheral lung collapse or post-obstructive pneumonia. Both findings make it difficult to differentiate central tumors from surrounding lung consolidation on CT scans or routine MR imaging. However, FDG-PET/CT scanning already has a dominant role regarding cancer delineation within atelectatic lungs. Exact knowledge of the tumor extension is of crucial importance, especially in patients scheduled for radiotherapy. The ADC value can be considered as a useful parameter to differentiate between central lung cancer and accompanying post-obstructive consolidation. In 2009, Baysal et al.^\[^[@B28]^\]^ reported that the mean ADC value for the mass of central lung cancer (1.83 ± 0.75 × 10^−3^ mm^2^/s) was significantly lower (*P* = 0.003) than that of post-obstructive consolidation (2.50 ± 0.76 × 10^−3^ mm^2^/s). In 2009, Qi et al.^\[^[@B29]^\]^ added that using a combination of T2-weighted images and diffusion-weighted images was superior to bolus CT or T2-weighted imaging alone for differentiating lung cancer from post-obstructive collapse, with a sensitivity of 88%.

### N staging

In patients with NSCLC, lymph node staging plays a pivotal role as accurate nodal staging is essential for choosing the appropriate treatment strategy for patients with lung cancer^\[^[@B30]^,^[@B31]^\]^. CT is the imaging modality of choice in the evaluation of patients with suspected lung cancer, but it has limited sensitivity and specificity for the assessment of lymph node involvement. Over the last few years, FDG-PET and integrated FDG-PET/CT have been demonstrated to be highly sensitive, even in lymph nodes smaller than 1 cm. The main disadvantage of PET and PET/CT is the large number of false-positive results in patients with concurrent inflammatory lymphadenitis; moreover, PET and PET/CT are not as widely available as MR imaging^\[^[@B30]^\]^. NSCLC metastatic lymph nodes have lower ADC values than reactive or inflammatory lymph nodes^\[^[@B26]^\]^.

It has been suggested diffusion MR imaging could be used in the future in the place of PET/CT for the N staging of NSCLC. Diffusion MR imaging is more accurate than PET/CT for the diagnosis of non-metastatic lymph nodes because of fewer false-positives with the former. The cut-off ADC value used to differentiate metastatic from non-metastatic lymph nodes in patients with NSCLC is 1.63 × 10^−3^ mm^2^/s, with an accuracy of 0.89^\[^[@B30]^\]^. Diffusion MR imaging can be used for the diagnosis of metastatic lymph nodes in patients with NSCLC with a high degree of accuracy (95%)^\[^[@B31]^\]^. The mean ADC value in metastatic lymph nodes in NSCLC is less than that in nodes without metastases (*P* = 0.001) and similar to that in primary lesions, in which movement is limited due to high cellularity. There was no significant difference (*P* \> 0.05) between the quantitative analyses of diffusion-weighted MR images and STIR MR images^\[^[@B32]^\]^. PET/CT has a greater tendency to overstage (higher number of false-positives) than MR imaging, which gives a higher number of false-negatives. MR imaging, with or without diffusion MR imaging, shows moderate correlation with PET/CT^\[^[@B33]^\]^. The detectable size of a metastatic thoracic lymph node with the current available technology is approximately 4--5 mm for both diffusion MR imaging and PET/CT. Therefore, lymph node dissection may not be less common for patients with N0 stage diagnosed by diffusion MR imaging or PET/CT because node metastases less than this size are not uncommon^\[^[@B13]^\]^. In contrast, in 2012, Ohno et al.^\[^[@B34]^\]^ reported that the sensitivity of STIR turbo spin echo imaging (77.4%) for the detection of metastatic mediastinal lymph nodes in patients with NSCLC was significantly higher than that of diffusion-weighted imaging (71.0%, *P* = 0.03) or of FDG-PET/CT (69.9%, *P* = 0.02).

### M staging

Whole-body diffusion MR imaging can be used for M-stage assessment in patients with NSCLC with an accuracy (81.8%) as good as that of integrated PET/CT; in addition, when whole-body diffusion MR imaging is adopted as an adjunct to whole-body MR imaging without whole-body diffusion MR imaging, the diagnostic accuracy of whole-body MR examination can be improved^\[^[@B35]^\]^. Whole-body diffusion MR imaging can be used for bone metastasis assessment in NSCLC patients as accurately as bone scintigraphy and/or PET/CT. The specificity (93.7%) and accuracy (93.9%) with whole-body MR imaging with diffusion MR imaging are significantly greater than those with bone scintigraphy or PET/CT (*P = *0*.*05)^\[^[@B36]^\]^. Standardization of sequences for bone metastasis assessment by whole-body diffusion MR imaging and improvement of MR technology for whole-body examination are necessary for better results in the future.

### Prediction of treatment response and monitoring of patients with lung cancer after therapy

Other potential applications of diffusion MR imaging in lung cancer, which still need to be explored fully, are monitoring the treatment response after chemotherapy or radiation, distinguishing post-therapeutic changes ([Fig. 2](#F2){ref-type="fig"}) from residual active tumors, and detecting recurrent cancer. Diffusion MR imaging has also been used in other organs to predict the response to a cancer treatment before and soon after therapy, but this approach must still be investigated for lung cancer. In the same vein, Okuma et al.^\[^[@B37]^\]^ prospectively evaluated 17 patients with 20 malignant lung lesions who underwent CT-guided radiofrequency ablation. Diffusion MR imaging with ADC calculation was performed immediately before and 3 days after treatment. The post-treatment ADCs of the lesions without local progression were significantly greater than those of the lesions with local progression. However, this difference could not be demonstrated for the pretreatment ADC quantification^\[^[@B13]^\]^. To be validated as a biomarker for treatment response, studies correlating ADC changes with response to treatment are needed (response to biotherapies, evaluation of anticancer therapy) as well as, perhaps, radiotherapy planning. Figure 2Lung cancer after radiotherapy. (A) Axial T2-weighted image shows mass of mixed signal intensity (arrows) after radiotherapy. (B) ADC map shows free diffusion of the mass (arrows) with a high ADC value (2.34 × 10^−3^ mm^2^/s) denoting post-radiation changes without residual tumor.

In 2011, Yabuuchi et al.^\[^[@B38]^\]^ studied 28 patients with NSCLC who underwent chemotherapy. The ADC value was calculated. There was a significant correlation between early ADC changes and the final rate of reduction in tumor size (*r*^2 ^= −0.41, *P* = 0.00025). The median progression-free survival for the group with a good increase in the ADC was 12.1 months, and that for the group with a stable or decreased ADC was 6.67 months *(P* = 0.021). Thus, the ADC seems to be a promising tool for monitoring the early response to or predicting the prognosis after chemotherapy for NSCLC. In 2012, Ohno et al.^\[^[@B39]^\]^ added that diffusion MR imaging may have greater potential than FDG-PET/CT for the prediction of tumor response to therapy before chemoradiotherapy in NSCLC patients, by distinguishing between partial responders and non-responders (stable or progressive disease). The area under the curve for the ADC (AUC = 0.84) was significantly larger than that for SUV~max~ (AUC = 0.64). The application of feasible threshold values resulted in the specificity (44.4%) and accuracy (76.6%) of diffusion MR imaging becoming significantly greater than with PET/CT (specificity of 11.1% and accuracy of 67.2%).

Mediastinal and pleural lesions
-------------------------------

The differentiation of malignant mediastinal masses and lymph nodes from benign mediastinal lesions as well as the differentiation of subtypes of mesothelioma and pleural effusion are essential for treatment planning, and they are of prognostic value. Diffusion MR imaging could be useful for the characterization of mediastinal masses and lymph nodes as well as the subtyping of pleural mesothelioma and effusion. [Table 3](#T3){ref-type="table"} provides an overview of studies of diffusion MR imaging of mediastinal and pleural lesions. Table 3Overview of studies on diffusion MR imaging of mediastinal and pleural tumorsStudyJournalYearPurpose*b* value (s/mm^2^)FindingsAbdel Razek^\[^[@B42]^\]^Eur J Radiol2012Mediastinal mass600Significant differences (*P* \< 0.001) in ADC of benign and malignant lesions in childrenGümüştaş^\[^[@B41]^\]^Eur Radiol2011Mediastinal mass1000Diffusion-weighted imaging can differentiate malignant from benign mediastinal tumorsAbdel Razek^\[^[@B40]^\]^J Magn Reson Imaging2009Mediastinal mass600Diffusion-weighted imaging helps in the grading of mediastinal malignancyKosucu^\[^[@B43]^\]^J Magn Reson Imaging2009Mediastinal LN400Signal intensity can differentiate malignant from benign lymph nodes on diffusion-weighted imagingAbdel Razek^\[^[@B44]^\]^Magn Reson Imaging2011Mediastinal LN600Diffusion-weighted imaging helps in the characterization of mediastinal lymph nodesCohen^\[^[@B49]^\]^Radiology2012Malignant pleural disease1000Diffusion-weighted imaging is a promising tool for differentiating malignant pleural disease from benign lesionsGill^\[^[@B45]^\]^Am J Roentgenol2009Pleural Mesothelioma750ADC of epithelioid mesothelioma is higher than that of sarcomatoid mesothelioma

### Mediastinal tumor

The differentiation of malignant mediastinal tumors from benign tumors in adults and children is essential for treatment planning. In adults, the ADC value of malignant mediastinal tumors (1.09 ± 0.25 × 10^−3^ mm^2^/s) is significantly different (*P* = 0.001) from that of benign tumors (2.38 ± 0.65 × 10^−3^ mm^2^/s)^\[^[@B40]^\]^. The cut-off ADC value of ≤1.39 × 10^−3^ mm^2^/s indicates a malignant lesion with a sensitivity of 95% and specificity of 87%^\[^[@B41]^\]^ ([Fig. 3](#F3){ref-type="fig"}). In children, the ADC value of malignant mediastinal tumors (0.91 ± 0.17 × 10^−3^ mm^2^/s) is significantly different (*P* = 0.001) from that of benign tumors (1.8 ± 0.33 × 10^−3^ mm^2^/s). The cut-off ADC value used in differentiating malignant and benign mediastinal tumors in children is 1.2 × 10^−3^ mm^2^/s with an accuracy of 93%^\[^[@B42]^\]^. Benign tumors, such as thymolipomas, exhibit low ADC values due to high fat content. In addition, some malignancies may reveal unrestricted diffusion with high ADC values due to less cellularity and more free fluid within the tumors, with subsequent free diffusion. The ADC value is a promising non-invasive parameter for the grading mediastinal malignancies^\[^[@B40]^\]^. Figure 3Benign mediastinal mass. (A) Coronal contrast T1-weighted image shows large mass with multiple enhanced septae (arrows). (B) ADC map shows free diffusion of the mass (arrows) with a high ADC value (2.89 × 10^−3^ mm^2^/s).

### Mediastinal lymphadenopathy

Determination of the mediastinal lymph nodes and the distinction between benign and malignant nodes are essential for therapy planning. Metastatic lymph nodes are usually more hypointense than benign lymph nodes, and benign lymph nodes are usually hyperintense on the calculated ADC map at a *b* value of 0 and 400 mm^2^/s. The ADC value is significantly lower (*P* = 0.0005) in metastatic nodes (1.01 ± 0.02 × 10^−3^ mm^2^/s) than in benign lymph nodes (1.51 ± 0.07 × 10^−3^ mm^2^/s)^\[^[@B43]^\]^. The calculated ADC value of malignant mediastinal lymphadenopathy (1.06 ± 0.3 × 10^−3^ mm^2^/s) ([Fig. 4](#F4){ref-type="fig"}) is significantly lower (*P* = 0.001) than that of benign lymphadenopathy (2.39 ± 0.7 × 10^−3^ mm^2^/s) at a *b* value of 0 and 600 mm^2^/s. The optimal threshold of the ADC value is 1.85 × 10^−3^ mm^2^/s with an accuracy of 83.9% and sensitivity of 96.4%^\[^[@B44]^\]^. A potential problem when using diffusion MR imaging for mediastinal imaging may be the correct location of the lymph nodes because of the intrinsic low spatial resolution of diffusion MR imaging sequences. The use of fusion software allows for the overlaying of anatomic and diffusion MR imaging sequences, partially solving this problem^\[^[@B13]^\]^. Figure 4Mediastinal lymphoma. (A) Axial true FISP shows enlarged right-sided mediastinal lymph node (arrows) with bilateral pleural effusion. (B) ADC map shows restricted diffusion with low ADC values (1.23 × 10^−3^ mm^2^/s) of the mediastinal node (arrows). The pleural effusion shows high ADC values (3.22 × 10^−3^ mm^2^/s on the right side and 2.98 × 10^−3^ mm^2^/s on the left side.

### Pleural mesothelioma

A preliminary study discussed the role of diffusion MR imaging in the characterization of pleural mesothelioma using a *b* value of 500/750 mm^2^/s. The ADC values of epithelioid mesothelioma were statistically significantly (*P* \< 0.05) greater than those of sarcomatoid mesothelioma. There was no significant difference between the ADC values of biphasic and sarcomatoid mesothelioma. This difference could serve as a surrogate imaging biomarker^\[^[@B45]^\]^. Also, the ADC value of transudate (3.42--3.7 × 10^−3^ mm^2^/s) is significantly different (*P* = 0.01) from that of exudate (3.18--3.0 × 10^−3^ mm^2^/s) at a *b* value of 1000 mm^2^/s^\[^[@B46]^,^[@B47]^\]^ ([Fig. 4](#F4){ref-type="fig"}). Diffusion MR imaging is a promising tool for differentiating malignant pleural disease from benign lesions, with high accuracy, and supplementation with dynamic contrast-enhanced MR imaging seems to further improve sensitivity^\[^[@B48]^\]^.

Future directions
=================

Diffusion MR imaging can differentiate between viable and necrotic areas within head and neck tumors^\[^[@B49]^\]^. It has the potential to help select optimal biopsy sites and to detect the presence of viable tumors on follow-up studies of patients who have undergone radiation therapy or chemotherapy. Studies are recommended to evaluate the role of diffusion MR imaging in the differentiation of cystic lung cancer from lung abscesses and in the assessment of chest wall, mediastinal, pericardial and cardiac invasion by lung cancer. Studies of the characterization of small pulmonary nodules and small nodal metastases are also recommended.

The application of new methods for data post-processing, such as diffusional non-Gaussian (kurtosis) modeling to fit diffusion-weighted imaging data acquired using an extended *b* value range or a K-means clustering algorithm that generates partitions of large datasets, may provide better characterization of lung cancer and may be of additional benefit in distinguishing benign and malignant pathologies compared with whole-lesion mean ADC alone^\[^[@B50]^\]^.

Advantages
==========

Diffusion MR imaging is a non-invasive functional imaging technique with acquisition times usually up to 4--6 min, depending on the slice coverage, amount of excitations, and amount of *b* values and, hence, adds little to the duration of the examination. Diffusion MR imaging is sensitive enough for the detection of pulmonary nodules, the differentiation of malignant from benign pulmonary masses and the staging of lung cancer. In addition, there is no exposure to ionizing radiation, and no need for administration of external tracer or contrast medium. Diffusion MR imaging can be incorporated into routine morphological MR imaging to improve radiologist confidence in image interpretation and to provide functional assessments of chest lesions during the same examination^\[^[@B14]^,^[@B15]^\]^.

Disadvantages
=============

There are few limitations to the technique that must be resolved before increased widespread clinical application of diffusion MR imaging of the chest. The ADC value is a relative measure and not an absolute quantitative measure because the ADC depends on the *b* value and MR acquisition method used. Standardization of the acquisition parameters and post-processing methods between centers is needed. The ADC values vary widely for the same cancer subtype, with broad overlapping of the ADC values between benign and malignant tumors, in contradiction to its high sensitivity and accuracy. There is a need for intensive research studies with pathologic confirmation to validate the ADC value against known cancer pathologies to realize the full promise of the diffusion MR imaging approach. There is also a need for improvement in image quality, for example, by using parallel imaging, multichannel coils and higher field strengths (e.g., 3 T)^\[^[@B15]^\]^.

Conclusion
==========

Diffusion MR imaging offers functional imaging of lung cancer due to its ability to probe the tumoral microstructure, which is complementary to routine anatomic MR imaging of the chest. The potential value of diffusion MR imaging is in its detection, characterization, grading and staging of lung cancer. In addition, it has been used for the diagnosis and characterization of mediastinal and pleural tumors. It can be obtained in a short time without injection of contrast medium. The gradual development and standardization of imaging sequences and widespread research will make diffusion MR imaging of the chest more suitable for clinical applications in the future.
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